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Abstract. Synoptic and satellite-derived cloud property vari-
ations for the southeast Paciﬁc stratocumulus region associ-
ated with changes in coastal satellite-derived cloud droplet
number concentrations (Nd) are explored. MAX and MIN
Nd composites are deﬁned by the top and bottom terciles
of daily area-mean Nd values over the Arica Bight, the re-
gion with the largest mean oceanic Nd, for the ﬁve Octo-
ber months of 2001, 2005, 2006, 2007 and 2008. The abil-
ity of the satellite retrievals to capture composite differences
is assessed with ship-based data. Nd and ship-based accu-
mulation mode aerosol concentrations (Na) correlate well
(r =0.65), with a best-ﬁt aerosol activation value dlnNd
dlnNa of
0.56 for pixels with Nd >50cm−3. The adiabatically-derived
MODIS cloud depths also correlate well with the ship-based
cloud depths (r =0.7), though are consistently higher (mean
bias of almost 60m). The MAX-Nd composite is character-
ized by a weaker subtropical anticyclone and weaker winds
both at the surface and the lower free troposphere than the
MIN-Nd composite. The MAX-Nd composite clouds over
the Arica Bight are thinner than the MIN-Nd composite
clouds, have lower cloud tops, lower near-coastal cloud albe-
dos, and occur below warmer and drier free tropospheres (as
deduced from radiosondes and NCEP Reanalysis). CloudSat
radar reﬂectivities indicate little near-coastal precipitation.
The co-occurrence of more boundary-layer aerosol/higher
Nd within a more stable atmosphere suggests a boundary
layer source for the aerosol, rather than the free troposphere.
The MAX-Nd composite cloud thinning extends offshore
to 80◦ W, with lower cloud top heights out to 95◦ W. At
85◦ W, the top-of-atmosphere shortwave ﬂuxes are signif-
icantly higher (∼50%) for the MAX-Nd composite, with
thicker, lower clouds and higher cloud fractions than for
the MIN-Nd composite. The change in Nd at this loca-
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tion is small (though positive), suggesting that the MAX-
MIN Nd composite differences in radiative properties pri-
marily reﬂects synoptic changes. Circulation anomalies and
a one-point spatial correlation map reveal a weakening of
the 850hPa southerly winds decreases the free tropospheric
cold temperature advection. The resulting increase in the
static stability along 85◦ W is highly correlated to the in-
creased cloud fraction, despite accompanying weaker free
tropospheric subsidence.
1 Introduction
The subtropical cloud-capped marine boundary layer has a
strong climate impact through the decks’ high solar reﬂec-
tivity whereas the emitted long-wave radiation remains close
to that of surface emission under clear skies (Hartmann et
al., 1992). A deeper understanding of the processes af-
fecting the radiative properties of maritime warm clouds,
both large-scale and microphysical, is necessary for devel-
oping conﬁdence in future climate predictions. This is be-
coming particularly important as more aerosol indirect ef-
fects become incorporated into climate models. Currently
only the cloud albedo effect ( ∂A
∂Nd



lwp,met
, or the change in
cloud albedo A with cloud droplet number Nd, all else held
constant, Twomey, 1977), is considered in the Intergovern-
mental Panel on Climate Change (IPCC) 2007 assessment.
Other effects, such as inﬂuences on the cloud albedo through
changes in liquid water path (LWP) induced by changes in
Nd( ∂A
∂(lwp)
∂(lwp)
∂Nd

 
met
, this includes the cloud lifetime effect;
Albrecht, 1989), are not yet formally included in the IPCC
assessment. This acknowledges gaps in our understanding
that could bring the latest IPCC estimates of −1.3Wm−2
[−0.5 to −2.2Wm−2 conﬁdence range] for the aerosol di-
rect forcing plus cloud albedo effect closer in line to a
more moderate observational range for all aerosol direct and
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indirect effects of −1.1Wm−2 [−0.7 to −1.5Wm−2 conﬁ-
dence range] (Randall et al., 2007; Murphy et al., 2009).
Satellite-derived examples of cloud-aerosol radiative com-
pensations include Han et al. (2002) and Matsui et al. (2006);
both show more aerosols are often associated with lower
liquid water paths. A tenet of the cloud lifetime effect,
that higher LWPs are associated with longer cloud lifetimes
(through precipitation suppression), has also recently been
called into question (Christensen et al., 2009). Theoretical
and modeling support for these observations has come from,
among others, Jiang et al. (2002) and Ackerman et al. (2004),
with more discussion in Stevens and Feingold (2009).
Dynamic compensation of aerosol indirect effects draws
attention to the need to control for meteorological forcings, a
difﬁculty in both modeling and observational assessments.
Atmospheric static stability is often chosen as a meteoro-
logical control variable (e.g., Matsui et al., 2006), because
static stability correlates well with stratocumulus cloud frac-
tion at seasonal scales (Klein and Hartmann, 1993). Mat-
sui et al. (2006) observed that cloud droplet sizes tend to be
the smallest under strong inversions as well as within pol-
luted environments. Mauger and Norris (2007) further exam-
ined the static stability of parcel back-trajectories of satellite-
derived aerosol and cloud properties, and found that the co-
variation of aerosol amount and cloud fraction with static sta-
bility could increase with meteorological history.
The southeast Paciﬁc stratocumulus deck is one region
where aerosol impacts on cloud microphysics are potentially
signiﬁcant, with Bennartz (2007) and Wood et al. (2008)
showing large (>200cm−3) cloud droplet number concen-
trations retrieved from MODerate resolution Imaging Spec-
troradiometer (MODIS) data along the Peru and Chile coast
(17◦ S–32◦ S), also shown here in Fig. 1. Though less
clear from satellite imagery, measurements taken during the
VAMOS Ocean-Coupled-Atmosphere-Land-Study Regional
Experiment (VOCALS-REx; Wood and Mechoso, 2008)
provide evidence of anthropogenic emissions as far west as
85◦ W (Hawkins et al., 2010). Bennartz (2007) speculated
that the downwind transport of polluted air affected the mi-
crophysics of these clouds. This is plausible for the southeast
Paciﬁc where the Andes dictate along-shore winds that can
transport aerosol from the more developed southern regions
(the capital city of Chile, Santiago, is located near 33◦ S) to
the north. Huneeus et al. (2006) hypothesized instead that
entrainment of polluted free-tropospheric air north of 25◦ S
could be responsible for the Nd increases. At more north-
ern latitudes the Andes protect the deck from boundary-layer
aerosol-laden continental outﬂow, but high-altitude copper
smelters emit sulfate aerosols above the marine boundary
layer.
Holistic regional assessments relying on satellite data,
available local data, and reanalyses help provide background
understanding for further regional aerosol-cloud interaction
assessments. In this study, we focus further on understanding
the meteorology and cloud macrophysical variability associ-
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Figure 1. Mean Nd  (# cm
-3, colors) and LWP (g m
-2, contours), based on October 2001 
and 2005-2008 Terra daytime MODIS level 3 data. The box indicates the area over which 
the daily-mean Nd were averaged and the black square indicates Antofagasta. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Mean Nd (#cm−3, colors) and LWP (gm−2, contours),
based on October 2001 and 2005–2008 Terra daytime MODIS level
3 data. The box indicates the area over which the daily-mean Nd
were averaged and the black square indicates Antofagasta.
ated with Nd variability in the southeast Paciﬁc stratocumu-
lus region. An underlying premise is that the differences in
cloud properties associated with the largest differences in Nd
are likely to reﬂect synoptic inﬂuences, rather than the effect
of cloud-aerosol interactions.
The large-scale circulation is depicted using the
NCEP/NCAR Reanalysis. The Reanalysis is capable
of resolving the main circulation features away from the
coastline (Garreaud et al., 2001) and has been used suc-
cessfully as a boundary forcing for more detailed regional
simulations (e.g., Garreaud et al., 2004). The reanalysis is
also known to underestimate the boundary layer depth, cloud
fraction, and cloud liquid water path (e.g., Bretherton et al.,
2004). Instead, cloud properties (cloud top height, fraction,
liquid water path/thickness and droplet number) are derived
primarily from MODIS data. The retrievals are aided by
frequently overcast skies, relatively homogenous cloud
conditions, and favorable sun-satellite viewing geometries
(e.g., Kato and Marshak, 2009). Satellite-derived cloud
droplet numbers (e.g., Bennartz, 2007) serve as an aerosol
proxy, avoiding issues with satellite retrievals of clear-sky
aerosol properties (e.g., Loeb and Schuster, 2008).
Further averaging of daily satellite data into compos-
ites also reduces the inﬂuence of random error. The anal-
ysis approach here is based on satellite and NCEP Re-
analysis composites, with the composites deﬁned through
the upper and lower terciles of the satellite-retrieved cloud
droplet numbers above the Arica Bight. A composite
analysis approach also allows us to keep issues with the
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NCEP Reanalysis representation near the coastline and An-
des mountains in perspective: these issues are demonstrated
in comparisons to coastal radiosonde proﬁles of temperature,
moisture and wind, and discourage coastal Lagrangian back-
trajectory calculations. The composite analysis was applied
toﬁveOctobermonthsofdailydata. Thismonthcorresponds
to the regional climatological maximum of the stratocumulus
(Sc) deck (Klein and Hartmann, 1993), and the focus on Oc-
tober months alone is intended to minimize inﬂuences from
the seasonal progression. Our approach complements more
thorough single case studies such as Huneeus et al. (2006)
and provides a context for VOCALS-REx analyses. We se-
lected four October months coincident with NOAA research
cruises (2001, 2005, 2006 and 2007), while October 2008
coincides with the VOCALS Regional Experiment. This was
done so that the satellite retrievals could be compared to the
ship-based measurements. The dataset and methodology are
detailed in Sect. 2, composite results are described in Sect. 3,
the regional circulation is discussed in Sect. 4, precipitation
characteristics in Sect. 5, and concluding remarks in Sect. 6.
The ship-satellite comparisons are included in Appendix.
2 Data and methods
The composite analysis relies on daytime Terra level 3 data
at 1◦×1◦ spatial resolution; at this latitude, the daily-mean
values for each platform are effectively regridded individ-
ual swath data. The daytime Terra overpass was previ-
ously found to be the MODIS overpass most representative
of daily-mean conditions (Zuidema et al., 2009). MODIS
cloud top temperatures, derived from separate day and night-
time 11µm equivalent brightness temperatures, were used to
estimate a satellite cloud top height, and rely on a depth-
varying lapse rate, proportional to the inverse of the cloud top
height, inferred from the open-ocean cruise radiosondes (see
Zuidema et al., 2009, for full detail). These are shown to cap-
ture daily synoptic-scale variations reasonably well within
Painemal et al. (2010) and agree well with airborne radar ob-
servations of cloud top made during VOCALS-REx (Rahn
and Garreaud, 2010).
Estimates of the all-sky shortwave ﬂuxes (SW) at the top
of the atmosphere were obtained from the Clouds and Earth’s
Radiant Energy System (CERES, Wielicki et al. 1996) in-
strument on board the Terra platform. The CERES data
allow for a net radiative assessment that is somewhat in-
dependent of the plane-parallel radiative transfer approxi-
mation. We used the radiometric measurements from the
shortwave channel (0.3–5µm), and spatially averaged Single
Scanner Footprint data to a 1◦×1◦ spatial resolution. These
data were only available for October 2001, 2005, and 2006.
The occurrence of precipitation was determined from Cloud-
Sat radar reﬂectivity data (the Cloud-Geometrical-Proﬁle
product; Stephens et al., 2002) from October 2006, 2007
and 2008. Surface winds were provided by the satellite
scatterometer QuikSCAT at a 0.25◦×0.25◦ resolution; we
only used the evening pass (18:00LT) data. Non-satellite
data sources are the NCEP/NCAR reanalysis (Kalnay et
al. 1997) meteorological ﬁelds, with a horizontal resolution
of 2.5◦×2.5◦, and daily radiosonde observations at Antofa-
gasta (23.43◦ S, 70.43◦ W, 120a.m.s.l.) available only at
12:00UTC (08:00LT) and interpolated to a consistent 50hPa
vertical resolution.
We combined MODIS Collection 5 cloud effective radius
(re) and cloud optical thickness (τ) retrievals (Platnick et al.,
2003) to produce values for Nd and cloud depth (Hsat), and
used a temperature threshold of 273K to select for warm,
liquid-only clouds. MODIS retrievals of cloud optical depth
and effective radius are routinely available, but small droplet
sizes do not unambiguously indicate aerosol loading (e.g.,
Schuller et al., 2003). Instead, we estimated Nd and cloud
depth (Hsat) from a combination of re (2.1 micron channel)
and τ assuming adiabatic conditions (e.g. Bennartz, 2007,
Szczodrak et al. 2001). This allows for a separation of
macrophysical and microphysical cloud property measures,
and in addition facilitates a comparison to the ship-based
measurements of accumulation-mode aerosol Na and cloud
depth Hship, shown in the Appendix.
Hsat is estimated from the adiabatically-derived liquid wa-
ter path (LWP) using LWP =
0adH2
sat
2 as
Hsat =
s
2
0ad
5
9
ρw·re·τ (1)
where ρw is the density of water and 0ad is the adiabatic
lapse rate of liquid water content with height. Previous
assessments show good agreement between adiabatically-
derived MODIS LWPs and satellite microwave-derived
LWPs for overcast marine stratocumulus (e.g., Borg and
Bennartz 2007; Seethala and Horvath, 2010). Sounding-
derived 0ad values reveal that the lower, warmer coastal
clouds have typical values between 2.1–2.3×10−3 gm−4,
while clouds west of 75◦ W have values between 1.8–
2.0×10−3 gm−4. Near-coastal liquid water content proﬁles
in VOCALS-REx aircraft data often show diminished val-
ues near cloud top because of cloud top entrainment, which
reduces the effective 0ad, while proﬁles from further off-
shore are close to adiabatic (also seen in Zuidema et al.,
2005). With this in mind, we rely on a constant 0ad value
of 2.0×10−3 gm−4, and approximate its uncertainty at 10%.
The satellite estimate of cloud droplet concentration is
based on
Nd =0
1/2
ad
101/2
4πρ
1/2
w k
·
τ1/2
r
5/2
e
(2)
following Szczodrak et al. (2001). The parameter k corre-
sponds to the cube of the ratio between the volume mean
radius and the effective radius and is assumed constant at 0.8
(Martin et al., 1994).
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Details of an error analysis for the satellite-derived esti-
mates of Nd and Hsat are shown in the Appendix, and include
comparisons to ship-based measurements of accumulation-
mode aerosol concentration Na and of cloud depth Hship.
Robust conclusions include good correlations between both
cloud depth estimates and between Na and Nd. We ﬁnd a
slightly higher value for dlnNd
dlnNa than previously reported for
Pt. Reyes, California (0.56 vs 0.48; McComiskey et al.,
2009; Quaas et al., 2010). Hsat values often exceed Hship
(mean offset of 57m) seemingly indicating superadiabatic
satellite-derived LWPs. An explanation is currently lacking
thoughongoingworksuggestsasystematicMODISeffective
radius overestimate may be one possibility. Further cloud
depth values shown here do not correct for this bias.
3 Observational composites
The satellite-ship comparisons of cloud depth and cloud
droplet number shown in the Appendix, and for satellite-
derived cloud top heights within Zuidema et al. (2009), pro-
vide conﬁdence in the ability of the MODIS retrievals to rep-
resent the stratocumulus macro- and microphysics. Our com-
posite analysis is based on the Nd variability over the appar-
ently most-polluted region, the Arica Bight, deﬁned here to
span 71.5◦ W–75.5◦ W and 18.5◦ S–25.5◦ S (box in Fig. 1).
Only scenes with at least 70% of their satellite pixels classi-
ﬁed as overcast were used; this selection bias is discussed in
Sect. 6. Such overcast days occurred on 77% (120 days) of
the total days. As seen in Fig. 1, mean LWP values are small
(<70gm−2) over the region with the largest Nd.
Days are composited by the daily spatial-mean Nd over
the Arica Bight into the highest and lowest terciles (40
and 42 overcast days each), labeled hereafter as MAX
(Nd>215.8cm−3) and MIN (Nd<161.6cm−3) respectively.
MAX-MIN Nd composite differences (Fig. 2, colors) are a
maximum by construction between 18◦ S–27◦ S with values
higher than 120cm−3, and a westward extension of about
8◦. Near Antofagasta (23.43◦ S; small black square) the
Nd changes reach their maximum value of 160cm−3, while
the maximum climatological-mean Nd values occur further
north near 20◦ S. Even further north along the Peruvian coast
(north of 15◦ S), the cloud droplet number concentrations are
slightly higher within the MIN-Nd composite than the MAX-
Nd composite (negative values in Fig. 2). MAX-MIN Nd
composite differences in LWP reveal decreased LWPs east
of 85◦ W (∼20gm−2) during the MAX-Nd composite, along
with increased LWPs (10–30gm−2) west of 85◦ W (Fig. 2),
in one early indication of a dynamical compensation to the
cloud albedo for near-coastal microphysical changes.
Time series of mean surface wind speeds (20◦ S–30◦ S,
70◦ W–90◦ W), mean cloud top heights alongshore (20◦ S–
30◦ S, 70◦ W–80◦ W), and mean offshore 500hPa geopo-
tential heights (15◦ S–35◦ S, 70◦ W–100◦ W, approximately
the location of the climatological anticyclone) are shown
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Figure 2. As Fig. 2 but for the MAX-MIN Nd composite differences: Nd (colors) and 
LWP (contours). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. As Fig. 2 but for the MAX-MIN Nd composite differences:
Nd (colors) and LWP (contours).
along with the occurrence of MAX (dark triangles) and MIN
(open circles) Nd days in Fig. 3. These locations were cho-
sen to exemplify synoptic differences between MAX and
MIN cases: MAX (MIN) Nd days are more likely co-
occur with weaker (stronger) coastal winds (Fig. 3a) and
shallower coastal boundary layers (Fig. 3b), also shown
in Fig. 4, and enhanced offshore mid-tropospheric geopo-
tential heights (Fig. 3c). About one-half/two-thirds of the
MIN/MAX Nd days, respectively, occur in groups of three
or more days. Some interannual variability is evident as
well, with more MIN Nd cases occurring during 2007, co-
inciding with a weak cool ENSO phase, and more MAX Nd
cases than MIN Nd cases occurring during 2001 and 2008,
when more intense observational campaigns, the Eastern Pa-
ciﬁc Investigation of Climate (Bretherton et al., 2004) and
VOCALS-REx, visited the region.
3.1 Satellite-derived composite characteristics
The mean and MAX-MIN Nd difference regional circula-
tion patterns are shown in Fig. 5 panels a and b respec-
tively. The anticyclone is strengthened offshore (85◦ W–
95◦ W) during the MIN Nd composite, with stronger sur-
face winds and a strengthened coastal jet near 33◦ S. Surface
winds are light within both composites at the northern end
of the Arica Bight, where changes in Nd are also modest.
Mean October values along with MAX-MIN Nd composite
difference values are shown for the MODIS-derived cloud
top height (Fig. 5c), cloud depth (Fig. 5d), cloud fraction
(Fig. 5e), and top-of-atmosphere CERES shortwave ﬂuxes
(Fig. 5f). Boundary layer depths are shallower for the MAX
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Fig. 3. Time series of: (a) mean surface winds (QuikSCAT)
at 20◦ S–30◦ S, 70◦ W–90◦ W, (b) mean Terra-daytime MODIS-
derived cloud top heights at 20◦ S–30◦ S, 70◦ W–80◦ W and (c)
mean 500hPa geopotential height at 15◦ S–35◦ S, 70◦ W–100◦ W.
Black triangles and open circles correspond to MAX and MIN Nd
days.
Nd composite by 200m to 350m over a broad domain ex-
tending beyond the Arica Bight (Fig. 5c). Over the Arica
Bight and along 80◦ W, these changes are associated with
thinner clouds for the MAX Nd composite (Fig. 5d), by up
to 50 m. West of 80◦ W, the pattern reverses, and clouds are
slightly thicker for the MAX Nd composite than for the MIN
Nd composite.
The mean MODIS cloud fraction is a maximum paral-
lel to the Peruvian coast (contours, Fig. 5e), with the mean
values in the top-of-atmosphere shortwave ﬂuxes following
a similar spatial pattern (Fig. 5f). Cloud fractions are di-
minished by about 5% over the Arica Bight for the MAX
composite relative to the MIN composite, remain approxi-
mately the same off the coast of Peru, and increase signif-
icantly elsewhere – by up to 20% near 85◦ W, 25◦ S. The
variationsinthetop-of-atmosphereshortwaveﬂuxes(Fig.5f)
are broadly consistent with the cloud fraction changes. Over
the Arica Bight, the MAX-MIN composite change in top-
of-atmosphere SW ﬂuxes is negative near the coast, and in-
creases 500km offshore. This reﬂects the compensation be-
tweenincreasedbrighteningfromahigherNd, anddecreased
brightening from a thinner cloud. Near the coast the cloud
thinning ends up dominating radiatively, while further off-
shorethesmallincreaseinNd morethanoffsetsreductionsin
cloud albedo from cloud thinning. The mean change over the
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Fig. 4. Scatterplot between Terra daytime MODIS-derived cloud
top height and evening-pass QuikSCAT winds, taken from Fig. 4.
Open circles and ﬁlled triangles correspond to MIN and MAX Nd
days respectively.
AricaBightregion, deﬁnedbytheboxinFig.2, is20Wm−2,
oranapproximately15%increaseintheregional-meancloud
albedo. Further south, the increase in cloud fraction over the
Chilean coastal jet for the MAX Nd composite corresponds
with an increase of approximately 50Wm−2 in the top-of-
atmosphere shortwave ﬂuxes, but over a region with small
meancloudfraction. Themostdramaticchangesintheﬂuxes
are observed away from Arica Bight along 85◦ W, however,
and are primarily associated with cloud fraction differences,
with only small changes in the cloud droplet numbers.
3.2 Radiosonde
Antofagasta(23.43◦ S,70.43◦ W)isnearthelocationofmax-
imum Nd variability (Fig. 1) and composite changes in the
satellite-derived cloud properties are representative of those
for the Arica Bight region (Fig. 2). Composites of radioson-
des from Antofagasta (12:00UTC or 08:00LT) help us inter-
pret the satellite composites (Fig. 6). These show a strength-
ening of the inversion temperature for the MAX Nd compos-
ite (Fig. 6a, solid black line), with the MAX Nd radiosonde
composite possessing a warmer and drier free troposphere
than the MIN Nd composite (solid gray line). Composite
differences in boundary-layer moisture and in the zonal wind
are small and not necessarily signiﬁcant.
The corresponding Reanalysis proﬁles, shown for a loca-
tion approximately 500km offshore Antofagasta, depict the
boundary layer weakly. The vertical placement of the tem-
perature and moisture inversion is approximately correct, but
the underestimate of the inversion strength is pronounced,
and the zonal winds are not captured well. In contrast to the
temperature and moisture Reanalysis composite proﬁles, the
sense of the change between the MAX and MIN Reanaly-
sis Nd zonal wind composites differs from the radiosonde
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Figure 5. a) Mean and b) MAX - MIN Nd composite NCEP sea level pressure (red 
contours), surface wind magnitude and direction (greyscale and arrows; QuikScat 
descending pass, 18LT). Mean (contours) and MAX-MIN composite difference (colors) 
in c) MODIS-derived cloud top height, d) MODIS-derived cloud depth, e) MODIS cloud 
Fig. 5. (a) Mean and (b) MAX-MIN Nd composite NCEP sea level pressure (red contours), surface wind magnitude and direction (greyscale
and arrows; QuikScat descending pass, 18:00LT). Mean (contours) and MAX-MIN composite difference (colors) in (c) MODIS-derived
cloud top height, (d) MODIS-derived cloud depth, (e) MODIS cloud fraction and (f) CERES top-of-atmosphere shortwave ﬂuxes. All
MODIS data is Terra daytime level 3. Location of Antofagasta indicated by black square, and Arica Bight domain is shown in Fig. 6e and f.
composites. In one important feature, however, the Reanal-
ysis agrees with the radiosondes: the MAX Nd Reanalysis
composite also depicts a warmer and drier free troposphere
than the MIN Nd Reanalysis composite. This is difﬁcult to
explain other than as increased free-tropospheric subsidence
for the MAX Nd cases.
4 Regional circulation
The spatial structure of the 850hPa anomaly ﬁelds (geopo-
tential height, subsidence and winds) is shown explicitly
for the two composites in Fig. 7. The MAX Nd compos-
ite is characterized by weaker subsidence offshore (nega-
tive anomalies in dp/dt, blue color), an anomalous trough
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fraction and f) CERES top-of-atmosphere shortwave fluxes. All MODIS data is Terra 
daytime level 3. Location of Antofagasta indicated by black square, and Arica Bight 
domain is shown in Fig. 6 e and f. 
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Figure 6. Antofagasta radiosonde (solid) and NCEP reanalysis (dashed) MAX-Nd (black) 
and MIN-Nd (grey) composites of a) temperature, b) mixing ratio, and c) zonal winds. 
Antofagasta (23.5˚S, 70.5˚W) radiosondes launched at 1200 UTC (0800 LT). NCEP-
NCAR reanalysis  data from 22.5˚S, 75˚W. 
 
 
 
 
 
 
 
Fig. 6. Antofagasta radiosonde (solid) and NCEP reanalysis
(dashed) MAX-Nd (black) and MIN-Nd (grey) composites of (a)
temperature, (b) mixing ratio, and c) zonal winds. Antofagasta
(23.5◦ S, 70.5◦ W) radiosondes launched at 12:00,UTC (08:00LT).
NCEP-NCAR reanalysis data from 22.5◦ S, 75◦ W.
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Figure  7.  NCEP  reanalysis  anomalies  at  850  hPa:  Geopotential  heights  (contours), 
subsidence  (dp/dt,  colorscale),  and  winds,  for  (a)  MAX  Nd  composite,  (b)  MIN  Nd 
composite. Antofagasta location indicated with a black box, and Arica Bight domain 
contoured in grey. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. NCEP reanalysis anomalies at 850hPa: Geopotential
heights (contours), subsidence (dp/dt, colorscale), and winds, for
(a) MAX Nd composite, (b) MIN Nd composite. Antofagasta loca-
tion indicated with a black box, and Arica Bight domain contoured
in grey.
(contours) west of 85◦ W, and northerly winds. In con-
trast, the MIN-Nd composite presents an anomalous ridge
and enhanced offshore subsidence. This pattern is consistent
with the changes in the climatological anticyclone shown in
Fig.5b, andthesubsidencechangessuggestedatAntofagasta
in Fig. 6.
The important meteorological parameters governing stra-
tocumulus cloud behavior at daily/synoptic time scales are
not well-established (e.g., Klein, 1997; Zhang et al., 2009),
although lower tropospheric stability suggests itself as a sen-
sible proxy (e.g., Mauger and Norris, 2007; Matsui et al.,
2006). We ﬁrst evaluated the applicability of static stability
as a proxy for cloud cover at daily/synoptic timescales. The
static stability deﬁned as the difference between potential
temperature (θ) at 850hPa and 1000hPa, was found to corre-
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Figure 8. Linear correlation between October daytime Terra MODIS cloud fraction and 
daily-mean 850hPa – 1000hPa. Correlation values greater than 0.20 below 15˚ S pass the 
99% significance level of a Student’s t test. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Linear correlation between October daytime Terra MODIS
cloud fraction and daily-mean θ850hPa–θ1000hPa. Correlation val-
ues greater than 0.20 below 15◦ S pass the 99% signiﬁcance level
of a Student’s t test.
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Figure  9.  October-mean  850hPa  –  1000hPa  (contours)  and  MAX-MIN  Nd  composite 
differences in 850hPa – 1000 hPa (color). Arica Bight domain contoured in grey. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. October-mean θ850hPa–θ1000hPa (contours) and MAX-MIN
Nd composite differences in θ850hPa–θ1000hPa (color). Arica Bight
domain contoured in grey.
late better with MODIS cloud fraction than θ700hPa–θ1000hPa,.
A spatial map of the correlation at daily time scales between
θ850hPa–θ1000hPa and MODIS cloud fraction (Fig. 8) shows
the highest positive correlation at 85◦ W and 25◦ S (r =0.55),
higher than that reported for the northeast Paciﬁc at 30◦ N,
140◦ W using θ700hPa–θsurface (r =0.22; Klein, 1997). The
correlation is insigniﬁcant over the Arica Bight.
.
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Fig. 10. One point correlation between the potential temperature
at 20◦ S and 75◦ W (square) and: subsidence (pressure velocity
dp/dt, colors; positive values imply subsidence), geopotential height
(contours) and wind (arrows), all at 850hPa. Absolute values of
correlation higher than 0.25 for the geopotential height and subsi-
dence ﬁelds pass the 99% signiﬁcance level of a Student’s t test.
The winds are only shown if the meridional component of the
wind-temperature correlation is statistically signiﬁcant. Topogra-
phy higher than 1500m is indicated by the black shade.
Figure 9 shows mean values of θ850hPa–θ1000hPa (contours)
along with the composite differences (colors). The largest
static stability difference between the two composites occurs
near the southern boundary of the stratocumulus deck, at
approximately 30◦ S, 75–77◦ W, near if slightly east of the
highestcompositedifferencesincloudfraction(Fig.6e). The
stability changes are large in the same general area where the
correlation between cloud fraction and static stability is high
(Fig. 8), rationalizing the choice of NCEP-deﬁned static sta-
bility as a proxy for cloud fraction at daily timescales.
At short timescales, the static stability variability is gov-
erned by the variability in θ850hPa rather than near-surface
temperatures, and we can explore its relationship to the other
meteorological ﬁelds through a one-point linear correlation
analysis that does not rely on the Nd compositing. The
850hPa potential temperature time series at 20◦ S and 75◦ W
serves as the reference point (Fig. 10 ﬁlled square; note this
is approximately 300km west of the Twin Otter point Al-
pha destination during VOCALS-REx) and is correlated with
the 850hPa geopotential height, subsidence and wind ﬁeld
time series at all other reanalysis grid points in Fig. 10. The
one-pointcorrelationanalysisrevealsanincreaseintherefer-
ence 850hPa temperature is associated with a local increase
in anomalous northerly winds (actually a weakening of the
southerly winds), as well as decreases in the 850hPa geopo-
tential height further west. The relationship of the geopo-
tential height anomaly ﬁeld to the anomaly winds and sub-
sidence are those of an anomalous trough to the west of
South America. Figure 10 suggests synoptic changes in the
southeast Paciﬁc stratocumulus deck reﬂect mid-latitude in-
trusions rather than equatorial intrusions. An example of the
opposite behavior is discussed in Wyant et al. (2010) for mid-
October, 2006, when enhanced southerly winds above the
inversion corresponded to a decrease in cloud coverage and
increase in a boundary-layer deepening at 85◦ W, 20◦ S.
At the reference point in Fig. 10, decreases in the 850hPa
geopotential height to its west are associated with a local
weakening of the southerly 850hPa winds, reducing free
tropospheric cold temperature advection, and allowing the
850hPa temperature to rise. Drawing on Fig. 8, the elevated
static stability corresponds to an increase in cloud cover.
Perhaps counterintuitively, the increased cloud coverage
at 85◦ W during the MAX-Nd composite is associated with
weaker subsidence further offshore and increased subsidence
at point Alpha (20◦ S and 72◦ W) and near the coast. The in-
crease in free-tropospheric subsidence near the coast is con-
sistent with the radiosondes at Antofagasta.
While an increased subsidence-decreased cloud fraction
relationship is not necessarily surprising at short time scales
(e.g., Zhang et al., 2009; Mauger and Norris, 2010), it does
run counter to intuition built from monthly-mean analyses
(e.g., Bony and Dufresne, 2005).
Warmer temperatures during the MAX Nd composite rel-
ative to the MIN Nd composite extend fully throughout the
troposphere within the NCEP Reanalysis (not shown), indi-
cating a quasi-barotropic structure with an anomalous anti-
cyclonic circulation. The stronger coastal subsidence during
MAX Nd cases north of 25◦ S are reminiscent of the shallow,
warm-core-low pressure cells of one to three days duration
known as coastal lows (e.g., Garreaud et al., 2002; Garreaud
and Rutllant, 2003). However, a coastal trough in sea level
pressure is not apparent in our MAX Nd composite (Fig. 5a
and b), the easterlies at Antofagasta remain weak in com-
parison to the coastal-low easterlies identiﬁed in Huneeus et
al. (2006), and the region south of 25◦ S is marked by an
increase in cloud coverage, rather than a decrease. In addi-
tion, although more of our MIN Nd episodes last only one
day compared to the MAX Nd cases, the number of episodes
lasting three or more days is the same for both composites
(ﬁve) – longer than for typical coastal low events. Neverthe-
less, our high/low Nd composites in some ways resemble the
ending/leading edge of coastal lows, and the common occur-
rence of both suggests there must be some common associa-
tions.
In contrast to coastal lows, cutoff-lows are upper-level low
pressurecenterswithaquasi-barotropicstructure(e.g., Fuen-
zalida et al., 2005) and thus seem similar to our MIN Nd
composite. In addition, cutoff-lows can be preceeded by
quasi-stationary ridging reminiscent of our MAX Nd com-
posite, with a duration exceeding that of the coastal lows.
Cutoff-lows could be considered more intense manifesta-
tions of the upper-tropospheric potential vorticity perturba-
tions identiﬁed through our composites. Although beyond
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Table 1. Number and percentage of CloudSat pixels below twokm of height, at two separate regions, above two different reﬂectivity
thresholds.
Domain dBZ ≥−17 dBZ >0
MAX Nd 17◦–27◦ S and 70◦–80◦ W 973 pixels/13.6% 44 pixels/0.6%
MIN Nd 17◦–27◦ S and 70◦–80◦ W 13611 pixels/37.4% 1168pixels/3.2%
MAX Nd 20◦–30◦ S and 80◦–90◦ W 11596 pixels/43.9% 2589 pixels/9.8%
MIN Nd 20◦–30◦ S and 80◦–90◦ W 26006 pixels/55.4 % 4013 pixels/8.5%
the scope of the current work, the connection between cut-off
lows and cloud property composites seems worthy of further
investigation.
Previous studies have associated weaker surface winds at
33◦ S and 73◦ W with reduced cold surface temperature ad-
vection, in turn reducing cloud liquid water path and cloud
fraction north of 20◦ S (Xu et al., 2004; Mu˜ noz and Gar-
reaud 2005; Wood et al., 2008). This contrasts with our
ﬁnding that weaker alongshore winds co-occur with an in-
crease in offshore cloud cover. The explanation may lie in
our greater focus on submonthly synoptic activity and anal-
ysis of only October months, whereas the previous studies
examined longer time spans that probably also captured sea-
sonal changes. Our compositing appears to preferentially se-
lect for lifestages of mid-latitude baroclinic waves intruding
upon the stratocumulus deck.
5 Precipitation characteristics
Precipitation characteristics of the two composites were in-
vestigated using CloudSat reﬂectivity-height distributions
constructed for a coastal and an offshore location. The
coastal region encompasses 17◦–27◦ S and 70◦–80◦ W, an
area slightly broader than the Arica Bight. The MAX
Nd reﬂectivity-height distribution is narrower, centered near
−25dBZ and 1000 m, than the MIN Nd distribution
(Fig. 11a and b). For both composites, however, the most
frequently occurring reﬂectivities are around -25 dBZ with
heights between 800m and 1200 m. Few pixels have re-
ﬂectivities >0 dBZ, equivalent to a cloudbase rain rate of
∼2mmday−1 (Comstock et al., 2004). Approximately one-
sixth and one-third of the MAX/MIN Nd pixels exceed
−17dBZ (Table 1), equivalent to a cloudbase rainrate of
0.01mmday−1. The low radar reﬂectivities for both com-
posites near the coast can be expected from the thin mean
coastal cloud depths (Fig. 5d, contours). The slightly higher
reﬂectivity values for the MIN Nd distribution are consistent
with the deeper clouds and higher cloud tops and do indicate
some drizzle, but for the MAX Nd distribution, hypotheses
for cloud thinning based on depletion through precipitation
seemdiscouraged(bythelackofobservedprecipitation). For
the coastal clouds, little cloud thinning from precipitation is
anticipated, based on previous work that clouds do not be-
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Figure 11. CloudSat reflectivity-height distributions for 17˚S-27˚S and 70˚W-80˚W a) 
MAX Nd, b) MIN Nd,; and 20˚S-30˚S and 80˚W-90˚W c) MAX Nd, d) MIN Nd. The 
colors indicate the percentage of the total pixels at each altitude; their summation over 
reflectivity equals total cloud fraction at that altitude. The dashed line indicates mean 
MODIS-derived cloud top height. Note different y-axis ranges for top and bottom panels. 
 
Fig. 11. CloudSat reﬂectivity-height distributions for 17◦ S–27◦ S
and70◦ W–80◦ W(a)MAXNd, (b)MINNd,; and20◦ S–30◦ Sand
80◦ W–90◦ W (c) MAX Nd, (d) MIN Nd. The colors indicate the
percentage of the total pixels at each altitude; their summation over
reﬂectivity equals total cloud fraction at that altitude. The dashed
line indicates mean MODIS-derived cloud top height. Note differ-
ent y-axis ranges for top and bottom panels.
come sub-adiabatic until liquid water paths reach ∼150g/m3
and the frequency of occurrence of cloud radar reﬂectivities
>0dBZ reaches 20% (Zuidema et al. 2005; Fig. 10). This
ﬁnding will need to be modiﬁed for coastal conditions, how-
ever, to account for higher Nd and stronger cloud top entrain-
ment.
The offshore CloudSat reﬂectivity-height distribution was
constructed for the offshore region with the most pronounced
change in cloud fraction between the two composites, de-
ﬁned by 20◦–30◦ S and 80◦–90◦ W (Fig. 11c and d). A
greater percentage of the offshore pixels were precipitating
(reﬂectivities higher than −17dBZ), consistent with Leon et
al. (2008). The substantial increase in offshore cloud fraction
for the MAX Nd composite is associated with only a slight
shift towards lower radar reﬂectivities (Table 1). In addition,
the percentage of pixels >0 dBZ is approximately the same
for both offshore composites. In addition, we note the mi-
nor change in cloud top height between the offshore MAX
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and MIN Nd composites, in spite of the large change in large
fraction. This is consistent with some cancelling in the ver-
tical and horizontal temperature advections (i.e. less subsi-
dence but also less free-tropospheric horizontal cold temper-
ature advection).
6 Conclusions and discussion
We have applied satellite retrievals to understand how syn-
optic conditions can change cloud droplet number concen-
trations. We focused on October months only, to reduce in-
ﬂuences from the seasonal cycle. A one-year evaluation of
the seasonal cycle in cloudiness at San Felix Island (26S,
80W), located near the region with the largest cloud frac-
tion changes (Fig. 5e), also found large variations in cloud
cover and mesoscale cellular structure for this month, which
has weaker baroclinicity than June–September but more pro-
nounced baroclinicity than December–March (Painemal et
al., 2010). Comparisons between ship-based and MODIS-
derived cloud depth estimates (see Appendix), and of ship-
basedaerosolconcentrationtoMODIS-derivedNd valueses-
tablish faith in the satellite retrievals and suggest the aerosol
present are readily activated.
Episodes with high Nd over the Arica Bight are associ-
ated with a weaker anticyclone, weaker surface and free-
tropospheric winds, and thinner clouds, also shown by Wood
et al. (2008) and George and Wood (2010). We also ﬁnd
higher cloud droplet numbers are associated with more sta-
ble atmospheres, similar to Mauger and Norris (2007) and
Matsui et al. (2006). In addition, we show that higher Nd val-
ues over the Arica Bight are concurrent with lower cloud top
heightsalongwithstrongerinversiontemperaturesatAntofa-
gasta (Fig. 6). Smaller differences in Nd occur near 18◦ S,
where the wind speeds are smaller and less variable, allowing
aerosols to stagnate. Changes in top-of-atmosphere short-
wave ﬂuxes show a spatial gradient, with thinner clouds near
the coast dominating a reduction in shortwave reﬂectance,
while 400km offshore, the increase in cloud droplet num-
ber accounts for a slight increase in shortwave reﬂectance
(Fig. 5f).
Changes in the easterlies (from radiosondes) at Antofa-
gasta are not signiﬁcant between the MAX and MIN Nd
composites, and do not suggest signiﬁcant changes in advec-
tion of continental aerosols to the stratocumulus deck. In ad-
dition, the stronger inversion and thinner clouds associated
with larger Nd along the coast would discourage entrainment
of free-tropospheric aerosols. MAX Nd days often occur in
2–4 days groups, during which the enhanced stability fur-
thers multi-day aerosol transport within the boundary layer
from the south, in evidence in Wood et al. (2008). This also
allows high Nd conditions to correlate well with enhanced
stability from previous days, similar to Mauger and Norris
(2007).
Huneeus et al. (2006) analyzed strong easterly events at
Antofagasta (700hPa zonal winds >5m s−1) during austral
winter, ﬁnding a connection between one episode of upper-
level easterlies and the increase of Nd. This suggested a
connection to two important copper smelters, Chuquicamata
(22.3◦ S,68.9◦ W)andPotrerillos(26.4◦ S,69.5◦ W),thatare
both above the boundary layer (2700m and 2850ma.s.l. re-
spectively). In this study we did not ﬁnd any event with east-
erly winds of that magnitude; possibly they are sporadic dur-
ing austral spring when the midlatitude weather disturbances
are less intense.
Approximately one-fourth of potential daily cases were
excluded because they did not satisfy our criteria for overcast
conditions over the Arica Bight. Given that thinner clouds
are associated with the high-Nd composite, the days with low
cloud cover over the Arica Bight may be more likely to re-
semble the high-Nd cases. Further south, around 30◦ S, these
days are associated with increased cloud cover, a deeper
boundary layer and deeper clouds, and resemble the after-
math of the coastal lows described by Garreaud et al. (2002)
and Garreaud and Rutllant (2003). The leading edge of the
∼2 day coastal low events encourage conditions conducive
to pollution trapping in Santiago, Chile (33.3◦ S, 70.5◦ W),
as well as easterly winds capable of advecting aerosol-rich
air out to sea. The synoptic conditions that encourage coastal
lows are similar to those of our MIN Nd composites, though
the coastal low troughing in sea level pressure is not as ap-
parent in our composite sea level pressures (Fig. 5 a and b).
Coastal lows must undoubtedly impact the southerly mani-
festation of the high/low Nd composites discussed here.
Further offshore along 85◦ W, a large increase in cloud
fraction and top-of-atmosphere shortwave ﬂuxes is evident
in the MAX Nd composite. This is synoptic, driven by
mid-latitude baroclinicity rather than from the equator. As
revealed in the anomalies at 850hPa (Fig. 7) and the one-
point correlation map (Fig. 10), an anomalously warm
850hPa temperature near the coast is associated with an off-
shore trough-like pattern that enhances coastal subsidence
but encourages anomalous free-tropospheric ascent offshore.
Anomalous northerly winds along 85◦ W allow the above-
inversion temperature to increase and increase the static sta-
bility, which is well-correlated with cloud fraction at this
location. A similar synoptic episode is discussed in Wyant
et al. (2010), but with a reduction of offshore cloud frac-
tion associated with a deeper boundary layer and stronger
southerlies. It is also useful to note that the increased cloud
cover is associated with decreased subsidence. Yet, as is
apparent in Fig. 5, the increased cloud cover is associated
with widespread decreases in cloud top height, because the
anomalous horizontal warm temperature advection above the
inversion is more than compensating for the decrease in sub-
sidence,. Numerical simulations during VOCALS-REx pe-
riod (October–November 2008) indicate that the horizontal
advection of the marine boundary layer height is larger than
the vertical velocity at the top of the boundary layer, stressing
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Fig. 12. VOCALS-REx spatial-mean Nd time series over the Arica
Bight with MAX and MIN cases highlighted in red and blue respec-
tively. NCAR ﬂight days are indicated with grey bars. Twin Otter
ﬂights to Point Alpha (75W, 20S) coincided with MAX/MIN cases
on 16, 18, 19, 24 and 29 October.
the importance of the changes in the southerly winds over the
subsidence (Rahn and Garreaud, 2010). The most signiﬁcant
features of the circulations associated with the two compos-
ites are highlighted in a schematic (Fig. 13).
An offshore albedo increase from the increase in cloud
cover, along with an albedo decrease from near-coastal cloud
thinning, means that a spatial gradient in albedo along 20◦ S
will be difﬁcult to detect in some VOCALS-REx aircraft
ﬂights (e.g., Twohy et al., 2010). Since several of the
MAX/MIN cases occurred within a day of VOCALS-REx
C-130 ﬂights (see Fig. 12), our analysis can provide context
for the VOCALS-REx observations. Our Oct. 2008 MAX
Nd cases ended when a mid-latitude trough moved through
the region, while the October 2008 MIN Nd cases loosely co-
incided with baroclinic troughs (Rahn and Garreaud, 2010).
The LWP-Nd correlation over the Arica Bight was negative
(r = −0.27), as expected, but contained signiﬁcant day-to-
day variability that can mask the correlation evident within a
larger data sample. This explains a positive LWP-Nd corre-
lation observed in Twin Otter VOCALS-Rex measurements
at Point Alpha (75W, 20S; Bruce Albrecht and Xue Zheng,
personal communication, 2010).
Several avenues for further work present themselves. The
implications of our data for albedo susceptibility d(A)/d(Nd)
still need to be assessed. Since both satellite cloud top height
and inversion temperature indicate less favorable conditions
for aerosol entrainment during MAX Nd, we speculate that
the main source of anthropogenic aerosols must be situated
within the boundary layer. This hypothesis implies the con-
tribution of several sources alongshore and perhaps includes
non-point-source pollution that has been brought out to sea,
more likely from the more developed southern region of
Chile (see also George and Wood, 2010). The poor reanal-
ysis representation of the Chile-Peru coastline discouraged
us from using back-trajectories to study the time history of
cloudparcels, however(e.g., MaugerandNorris, 2007). New
reanalyses (e.g., Year of Tropical Convection; ERA-Interim;
NCEP Climate Forecast System Reanalysis and Reforecast)
with better resolution of the orography and of the physi-
cal processes will allow for more conﬁdent investigations of
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Fig. 13. Schematic of a) MAX Nd, and (b) MIN Nd large-scale
meteorology. The 500hPa geopotential height is indicated by the
dashed line, the sea-level pressure by red contours, subsidence by
the shaded area, 850 hPa and surface winds by grey and black ar-
rows respectively. The color shading over Arica Bight indicates the
region with large Nd.
near-coastal aerosol-cloud interactions. Further investigation
of the connection of our composites to the synoptic climatol-
ogy of the southeast Paciﬁc will also help us better determine
the impact of future climates upon this region, arguably the
largest subtropical stratocumulus deck on the planet.
Appendix A
Error analysis and ship-satellite comparisons
Instantaneous swath data (level 2) from both the Terra and
Aqua platforms (∼10:30LT and ∼13:30LT overpasses, re-
spectively) were used for the validation comparisons to in
situ observations. Hsat and Nd derived from instantaneous
level 2 data were spatially averaged over an area of 25
km by 25km, corresponding to a 7ms−1 “frozen turbu-
lence” advective speed over one hour. For overcast, opaque,
mostly unbroken, warm cloud pixels, the a priori error in Hsat
(25km2 scale) from a τ error of 8% (Bennartz, 2007) and a
conservative re (2.1 micron) error of ∼20% is ∼11% (Mar-
shak et al. 2006). The error in Nd will be dominated by
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Figure 14.  (a) MODIS-derived cloud depth (25 km
2 average) versus ship-based cloud 
depth (hourly averaged; ceilometer cloud fraction >0.9), and (b) MODIS-derived Nd (25 
km
2) versus ship-based accumulation-mode (r> 0.1 µm) aerosol concentrations (hourly-
averaged; no restriction on ceilometer cloud fraction). Blacks dots indicate samples east 
of 80˚W and crosses are samples for which the bias-corrected MODIS Hsat is within 70 m 
of Hship. The black solid line represents the best-fit line for all values with Nd > 50 cm
-3. 
Sampling domain covers 0˚-30˚S, 72˚W-90˚W. Fig 1a and 1b were constructed with 51 
and 48 samples respectively. 
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the error in the MODIS-derived effective radius through the
r
−5/2
e dependence, which can account for a 50% error in Nd
alone. This encourages us to consider the sources for effec-
tive radius error more closely. The effective radius retrieval
is most suspect in broken cloud conditions, wherere can be
systematically overestimated (e.g., Marshak et al., 2006). We
observed that low Nd values tended to be associated with
high-LWP clouds (not shown), which are more likely to pre-
cipitate, and which corresponded poorly to the surface-based
aerosol measurements for the lower values of Nd. This sug-
gested the presence of cloud inhomogeneities, whose impact
upon the Nd retrieval we attempted to minimize by limiting
our quantitative analysis to Nd values >50cm−3 for over-
cast pixels. In addition, averaging to a scale of 25km2 al-
lows for compensation of the largest three-dimensional ra-
diative transfer effects within individual pixels. If we assume
an re (2.1 micron) error of 10% based on comparisons to
microwave-derived re (Bennartz, 2007, Fig. 4), we estimate
a Nd error of 26% (also accounting for uncertainty in our as-
sumed 0ad). This is less conservative than the uncertainty
estimate of 50% within Bennartz (2007), but seems justiﬁed
for our more restricted, regional dataset.
The validation comparisons draw on a more comprehen-
sive database of in situ observations from six NOAA cruises
(October, 2001, 2005, 2006, 2007, and November, 2003 and
December, 2004). The ship-based aerosol number concen-
tration Na is a direct measurement, typically made from a
Particle Measuring System Lasair-II instrument, which mea-
sures all particles greater than 0.1 microns, but does not con-
trol for humidity. For the 2004 cruise, data from a Differ-
ential Mobility Analyser are used (Tomlinson et al., 2007).
Aerosol counts gathered from both instruments during the
2003 cruise show good agreement (Tomlinson et al., 2007).
The ship-based cloud depth (Hship) is computed as the differ-
ence between the radiosonde inversion base height (placed at
the temperature minimum; radiosondes were launched at ei-
ther 4 or 6h intervals) and hourly-averaged ceilometer cloud
base heights. Comparisons were restricted to the one-hour
time periods spanning the radiosondes.
Hsat and Hship values correlate well with each other
(r =0.54), increasing to 0.7 when restricting the sample
to Hship<400m and to overcast periods (ceilometer hourly
cloud fractions >90%) (Fig. 14a; only overcast periods are
shown). Hsat values often exceed Hship, with a mean bias of
59m for Hship<400m. Schuller et al. (2003) found a similar
bias between remote sensed and in-situ cloud depth; an ex-
planation is currently lacking though an unexplained MODIS
re overestimate (Bennartz, 2007; Marshak et al., 2006) is one
possibility.
Satellite-derived Nd are compared to ship-based aerosol
concentrations (size >0.1 micron) in Fig. 14b, with no con-
straint placed on the hourly ceilometer cloud fractions to-
wards increasing the data sample. Most of the aerosol con-
centration measurements were taken near 85◦ W and 20◦ S,
with a limited sampling near the coast. Nd and Na show an
obvious correlation (r =0.65, increasing to 0.8 for hourly-
mean ceilometer cloud fractions >0.9), with Nd typically
<Na, demonstrating physical consistency. The values of
both Nd and Na are higher when sampled closer to the coast
(east of 80◦ W, black ﬁlled circles in Fig. 1b).
A quantitative assessment of the observed Nd −Na re-
lationship can be expressed through an aerosol cloud in-
dex dlnNd
dlnNa (McComiskey et al., 2009). Such observed
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relationships have been compared to climate model values
(e.g., Quaas et al., 2010) and additional care was taken to de-
termine the best-ﬁt line. The mean of the Na standard devia-
tionsaboutthehourly-meanvaluewasusedasameanNa un-
certainty estimate (10cm−3) and a constant Nd error of 26%.
We restricted the data samples to Nd>50cm−3 as a proxy
for non-precipitating clouds and to control for gross over-
estimates in the effective radius retrievals caused by cloud
inhomogeneities. Taking both Na and Nd uncertainty esti-
mates into account, we ﬁnd a best-ﬁt value for dlnNd
dlnNa of 0.56
(York et al., 2004, but using mean rather than individual da-
tum uncertainties). For comparison, Pruppacher and Klett
(1997) suggest a value of 0.7 for dlnNd
dlnNa based on droplet
activation theory, while McComiskey et al. (2009) ﬁnd an
empirical value of 0.48 using cloud microphysical retrievals
from surface-based remote sensors of marine stratocumulus
clouds at Pt. Reyes, CA. Quaas et al. (2010) ﬁnd a sensitiv-
ity of MODIS-derived Nd to the aerosol optical depth at Pt.
Reyes that is close to the corresponding surface-based value.
Comparison to other published values of dlnNd
dlnNa must take
many factors into account. McComiskey et al. (2009) doc-
ument a strong reduction with increasing scale, for exam-
ple, thoughsatellite-derivedvalueswithinQuaasetal.(2010)
are similar to the surface-based value. Our value is there-
fore fairly high given the 25km2 scale. Moreover, 42% of
our variation in Nd is explained by the aerosol concentration
variability, compared to 15% for McComiskey et al. (2009).
Some of the explanation is provided by Fig. 2, for which
daily maps of Terra Nd and LWP values were averaged over
the ﬁve October months. Many of the higher Nd values
are associated with thinner clouds (LWP<90g/m2, contours
in Fig. 2) that are less likely to be drizzling (e.g., Leon et
al., 2008) and more likely to be adiabatic if offshore (e.g.,
Zuidema et al., 2005). For such clouds, values of dlnNd
dlnNa
are typically higher (McComiskey et al., 2009; Kim et al.
2008). Three-dimensional radiative transfer effects upon the
re and thereby Nd retrieval, which will be more pronounced
for thicker, more broken clouds with naturally higher re, may
also contribute to a higher value for dlnNd
dlnNa by artiﬁcially low-
ering low values of Nd even further, despite our efforts to
screen for this.
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